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An icosahedral phase was found to be formed as a primary precipitation phase in the
crystallization process of binary Zr70Pd30, ternary Zr70Ni30−xPdx, and Zr70Cu30−xPdx
(x 4 10 and 20 at.%) and quaternary Zr70Ni10Cu10Pd10 amorphous alloys. The
maximum volume fraction of the icosahedral phase was nearly 100% for the 20% Pd
alloys and the grain size tended to decrease in the range from 40 to 70 nm with
increasing Pd content. No icosahedral phase was formed in the Zr–Ni–Cu alloys
without Pd, and hence, the addition of Pd was concluded to be essential for the
formation of the icosahedral phase in the Zr-based amorphous alloys. It also was
noticed that the icosahedral phase was formed even in the binary Zr70Pd30 amorphous
alloy. The icosahedral phase was in a metastable state and changes to equilibrium
crystalline phases by annealing in the higher temperature range. The finding of the
formation of the icosahedral phase in the binary alloy system allowed us to predict
the future appearance of a number of icosahedral base alloys in other alloy systems.
It is well known that the structure of metallic alloys is
limited to the crystalline, amorphous, or quasicrystalline
phase. In particular, the icosahedral phase was discov-
ered in a rapidly solidified Al–Mn alloy in 19841 and
interpreted in terms of a new concept of quasicrystal.2
Reflecting the short period for research and development
of quasicrystalline alloys, the alloy systems in which an
icosahedral phase is formed have been limited to Al-,
Mg-, Ga-, Zn-, Pd-, and Ti-based alloy systems.3–5 It is
therefore important to search for a new icosahedral alloy
with unique characteristics inherent to quasiperiodic
atomic configurations and to extend the quasicrystalline
alloy compositions to a greater variety of alloy systems.
It has previously been reported that the icosahedral phase
is formed in the crystallization process of the amorphous
phase in Pd–U–Si,6 Al–Mn–Si,7 and Al–Cu–V8 systems.
Recently, it has been reported that the icosahedral phase
is also formed by partial crystallization of Zr-based
amorphous alloys in Zr–Al–Cu,9 Zr–Al–Ni–Cu,9 and
Zr–Ti–Al–Ni–Cu10 systems. However, the precipitation
of the icosahedral phase in the Zr-based amorphous al-
loys did not have reproducible reliability. The reason for
the lack of the reproducibility has been clarified to result
from an impurity oxygen content.11 The existence of
oxygen above about 1300 ppm mass% is necessary for
the formation of the icosahedral phase in the crystalliza-
tion process from the Zr-based amorphous alloys. It is
known that a high glass-forming ability leading to the
formation of a bulk amorphous alloy is obtained in the
Zr–Al–TM12 and Zr–Ti–Al–TM (TM 4 Co, Ni, Cu)13
systems. However, the glass-forming ability is signifi-
cantly reduced by the addition of oxygen, accompanying
the reduction of good ductility. It is therefore desired to
find a new icosahedral alloy in Zr-based system where
the impurity oxygen is not an essential element. Further-
more, the finding is expected to result in the production
of a quasicrystalline base alloy with good ductility even
in a bulk form, though there have been a few data on the
synthesis of a bulk icosahedral alloy with good ductility
and high strength. Very recently, we have succeeded in
finding new bulk icosahedral base alloys with high
strength and good ductility in the crystallization process
of Zr-based amorphous alloys such as Zr–Al–TM–M
(M 4 Ag, Pd, Au, or Pt)14–18 and Zr–TM–M19,20 sys-
tems. It has further been pointed out that the addition of
the noble M elements is always necessary for the forma-
tion of ductile icosahedral base alloys with low oxygen
concentrations below 1300 ppm mass%. In the frame-
work of the empirical rule for the formation of the
icosahedral phase from Zr-based amorphous alloys, we
have searched for a new icosahedral alloy in more
a)Address all correspondence to this author.
e-mail: zyc@mail.cc.tohoku.ac.jp
J. Mater. Res., Vol. 16, No. 1, Jan 2001 © 2001 Materials Research Society20
simplified Zr70(Ni,Cu,Pd)30 binary and ternary systems.
This paper is intended to present the composition range
in which the icosahedral phase is formed in the decom-
position process of the amorphous Zr70(Ni,Cu,Pd)30
alloys and its microstructure and to confirm the effec-
tiveness of the empirical rule for the formation of the
icosahedral phase in the decomposition of Zr-based
amorphous alloys.
Binary, ternary, and quaternary alloys with com-
position of Zr70Ni30−x−yCuxPdy were prepared by arc
melting the mixtures of pure metals in an argon atmos-
phere. Amorphous alloy ribbons with a cross section of
1.2 × 0.02 mm2 were produced by a melt spinning
method in an argon atmosphere. The amorphous struc-
ture was examined by x-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). The thermal
stability was evaluated by differential scanning calorim-
etry (DSC) at a heating rate of 0.67 K/s. Annealed struc-
ture was examined by XRD and high-resolution TEM
linked with nanobeam electron diffraction pattern.
The amorphous phase without any crystallinity was
formed over the whole composition range of the
Zr70Ni30−x−yCuxPdy alloys. Figure 1 shows the composi-
tion range in which an icosahedral phase is formed as a
primary precipitation phase in the crystallization process
of the Zr70Ni30−x−yCuxPdy amorphous alloys. The icosa-
hedral phase is formed in the range above about 5 at.%
Pd, and the formation of the icosahedral phase is domi-
nated only by Pd element and independent of Ni and Cu
elements. Figure 2 shows the DSC curves of the melt-
spun Zr70Ni30−x−yCuxPdy amorphous alloys. Although a
single exothermic peak from the large supercooled liquid
region is recognized for the Zr70Ni10Cu20 alloy without
Pd, all the other alloys containing Pd crystallize through
two stage exothermic reactions. We have confirmed that
the sharp single-stage exothermic reaction results in a
mixed crystalline structure of Zr2Ni and Zr2Cu phases
and no icosahedral phase is formed over the whole tem-
perature range. Figure 3 shows the XRD patterns of the
Pd-containing alloys heated for 120 s at the temperatures
corresponding to the first exothermic peak. As identified
in the figure, all the Pd-containing alloys contain the
icosahedral phase as a main phase, indicating that
the first-stage exothermic peak is due to the precipitation
of the icosahedral phase. It is noticed that the icosahedral
phase is also formed even in the Zr70Pd30 binary alloy.
The alloys heated up to the temperatures well above the
second exothermic reaction consist only of crystalline
phases, and no icosahedral phase is recognized. It is
therefore said that the second exothermic peak results
from the change from the icosahedral to crystalline
mixed phases.
We further examined the grain size, precipitation mor-
phology, and volume fraction of the icosahedral phase in
coexistence with the residual amorphous phase by TEM
FIG. 1. Composition range in which an icosahedral phase is formed as
a primary precipitation phase in the crystallization process of melt-
spun Zr70Ni30−x−yCuxPdy amorphous alloys. Open and closed circles
represent the presence and absence of the icosahedral phase, respec-
tively. FIG. 2. DSC curves of the Zr70Ni30−x−yCuxPdy amorphous alloys.
Rapid Communications
J. Mater. Res., Vol. 16, No. 1, Jan 2001 21
and nanobeam electron diffraction. Figures 4 and 5 show
(a) bright-field TEM images, (b) selected-area electron
diffraction patterns taken from the region with a diameter
of 1.0mm, and (c–e) nanobeam electron diffraction pat-
terns taken from the region with a diameter of 2.4 nm of
the Zr70Cu20Pd10 and Zr70Cu10Pd20 alloys annealed for
120 s at 690 and 720 K, respectively. The two ternary
alloys were chosen because the formation of the icosa-
hedral phase was found for the first time in the present
study. The nanobeam diffraction patterns (c–e) of the
both alloys reveal the five-, three- and twofold symme-
tries, respectively. In addition, the diffraction rings in (b)
are also identified as a mixture of icosahedral and amor-
phous phases without any crystalline phases. The icosa-
hedral phase has a nearly spherical morphology and its
particle size is about 70 nm for the 10% Pd alloy and
about 40 nm for the 20% Pd alloy. On the other hand, the
volume fraction of the icosahedral phase is much higher
for the 20% Pd alloy. These structure data indicate that
the nucleation of the icosahedral phase is much easier,
and the growth rate is considerably smaller for the 20%
Pd alloy. The difference in the nucleation and growth
rates seems to result from the difference in Pd content in
the amorphous alloys. In addition, it has previously been
reported that the particle size of the icosahedral phase is
about 20–40 nm for the Zr–Al–Ni–Cu–Pd, Zr–Al–Ni–Pd,
and Zr–Al–Cu–Pd alloys.14–18 Consequently, it is con-
cluded that the elimination of Al increases the growth
rate of the icosahedral phase. The grain size refinement
of the icosahedral phase for the Al-containing alloys is
presumably due to the necessity of the rearrangement of
Al between the icosahedral and the remaining amor-
phous phases. The enrichment of Al element from the
icosahedral to the remaining amorphous phase has been
demonstrated in the decomposition reaction of the
Zr–Al–Ni–Cu–Pd amorphous alloys by the nanobeam
EDX analytical method.18
The icosahedral phase was found to precipitate as a
primary phase in the decomposition process of the amor-
phous Zr70(Ni,Cu,Pd)30 alloys containing Pd element.
No icosahedral phase was observed in the decomposition
FIG. 4. (a) Bright-field TEM image, (b) selected-area electron dif-
fraction pattern, and (c–d) nanobeam electron diffraction patterns of
the Zr70Cu20Pd10 amorphous alloy annealed for 120 s at 690 K corre-
sponding to the temperature just above the first exothermic peak.
FIG. 3. XRD patterns of the Zr70Ni30−x−yCuxPdy amorphous alloys
annealed for 120 s at the temperatures just above the first exothermic
peak.
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structure of the Zr70(Ni,Cu)30 alloys without Pd, and
hence, the addition of Pd is essential for the precipitation
of the icosahedral phase from the amorphous phase in the
binary, ternary, and quaternary Zr70(Ni,Cu,Pd)30 amor-
phous alloys. The icosahedral phase in coexistence with
the remaining amorphous phase is in a metastable state
and changes to crystalline phases during the second exo-
thermic reaction. The icosahedral phase has a nearly
spherical morphology, and the particle size tends to de-
crease in the range from 70 to 40 nm with increasing Pd
content. The necessity of Pd for the formation of the
icosahedral phase in the crystallization process of the
amorphous alloy series of Zr70(Ni,Cu,Pd)30 seems to
give an important information on the formation mecha-
nism of the icosahedral phase as well as on the correla-
tion of short-range atomic configurations between the
icosahedral phase and the amorphous phase with high
glass-forming ability.
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FIG. 5. (a) Bright field TEM image, (b) selected-area electron dif-
fraction pattern, and (c–e) nanobeam electron diffraction patterns of
the Zr70Cu10Pd20 amorphous alloy annealed for 120 s at 720 K corre-
sponding to the temperature just above the first exothermic peak.
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